Amino acid tandem repeats are found in a large number of eukaryotic proteins. They are often encoded by trinucleotide repeats and exhibit high intra-and interspecies size variability due to the high mutation rate associated with replication slippage. The extent to which natural selection is important in shaping amino acid repeat evolution is a matter of debate. On one hand, their high frequency may simply reflect their high probability of expansion by slippage, and they could essentially evolve in a neutral manner. On the other hand, there is experimental evidence that changes in repeat size can influence protein-protein interactions, transcriptional activity, or protein subcellular localization, indicating that repeats could be functionally relevant and thus shaped by selection. To gauge the relative contribution of neutral and selective forces in amino acid repeat evolution, we have performed a comparative analysis of amino acid repeat conservation in a large set of orthologous proteins from 12 vertebrate species. As a neutral model of repeat evolution we have used sequences with the same DNA triplet composition as the coding sequences-and thus expected to be subject to the same mutational forces-but located in syntenic noncoding genomic regions. The results strongly indicate that selection has played a more important role than previously suspected in amino acid tandem repeat evolution, by increasing the repeat retention rate and by modulating repeat size. The data obtained in this study have allowed us to identify a set of 92 repeats that are postulated to play important functional roles due to their strong selective signature, including five cases with direct experimental evidence.
Amino acid tandem repeats are found in a large number of eukaryotic proteins. They are often encoded by trinucleotide repeats and exhibit high intra-and interspecies size variability due to the high mutation rate associated with replication slippage. The extent to which natural selection is important in shaping amino acid repeat evolution is a matter of debate. On one hand, their high frequency may simply reflect their high probability of expansion by slippage, and they could essentially evolve in a neutral manner. On the other hand, there is experimental evidence that changes in repeat size can influence protein-protein interactions, transcriptional activity, or protein subcellular localization, indicating that repeats could be functionally relevant and thus shaped by selection. To gauge the relative contribution of neutral and selective forces in amino acid repeat evolution, we have performed a comparative analysis of amino acid repeat conservation in a large set of orthologous proteins from 12 vertebrate species. As a neutral model of repeat evolution we have used sequences with the same DNA triplet composition as the coding sequences-and thus expected to be subject to the same mutational forces-but located in syntenic noncoding genomic regions. The results strongly indicate that selection has played a more important role than previously suspected in amino acid tandem repeat evolution, by increasing the repeat retention rate and by modulating repeat size. The data obtained in this study have allowed us to identify a set of 92 repeats that are postulated to play important functional roles due to their strong selective signature, including five cases with direct experimental evidence.
[Supplemental material is available online at http://www.genome.org.]
Amino acid tandem repeats, also known as homopeptides, are regions within proteins characterized by the consecutive recurrence of a single amino acid. In humans, ;15%-20% of the proteins contain at least one amino acid tandem repeat of size 5 or longer (Karlin et al. 2002; Albà and Guigo 2004) . At the DNA level they might be encoded by a run of pure codons or by a mixture of synonymous codons. Runs of pure codons are more frequent than expected given the frequencies of each individual codon (Albà et al. 1999a (Albà et al. , 2001 , which reflects the influence of trinucleotide slippage in amino acid tandem repeat expansion. Due to the high mutation rates associated with slippage (Weber and Wong 1993) , repeats are an important source of genetic variability (Wren et al. 2000; Mularoni et al. 2006) and may contribute to adaptive processes (Fondon and Garner 2004; Kashi and King 2006) . It has also recently been shown that alternatively spliced genes are enriched in both the number and the length of amino acid tandem repeats (Haerty and Golding 2010) . Not surprisingly, coding repeats often show high interspecies size variation. For example, ;17% of the repeats in orthologous human and chimpanzee proteins differ in size in the two species (Mularoni et al. 2008) . In humans, the uncontrolled expansion of CAG triplets encoding glutamine tracts is associated with a number of neurological disorders, such as Huntington disease and several ataxias (Brown and Brown 2004; Gatchel and Zoghbi 2005) . Mutations generating abnormally long alanine tracts also cause several human developmental diseases (Brown and Brown 2004) .
The role of amino acid tandem repeats in protein function remains a matter of controversy. Repeats are generally located in protein regions that show low sequence conservation when compared to other parts of the protein Faux et al. 2007) . It has been claimed that the high frequency of amino acid tandem repeats may simply reflect their high probability of expansion rather than their functional importance (Lovell 2003) . In addition, the analysis of the codon composition of serine repeats has revealed that the majority of them are strongly influenced by slippage, with few cases showing clear evidence of selection (Huntley and Golding 2006) . Although the vast majority of repeats do not have a known function, several examples exist in which modifications of the size of glutamine, proline, or alanine tracts can alter the capacity of the protein to activate or repress transcription (Gerber et al. 1994; Lanz et al. 1995; Janody et al. 2001; Galant and Carroll 2002; Buchanan et al. 2004; Brown et al. 2005) . It has also been recently discovered that histidine repeats mediate nuclear speckle trafficking in several transcription factors and neural development proteins (Alvarez et al. 2003; Salichs et al. 2009 ). Finally, amino acid tandem repeats are often embedded in highly disordered protein regions (Huntley and Golding 2002; Tompa 2003; Simon and Hancock 2009) , and thus may be involved in low-affinity or transient interactions that are hard to determine experimentally (Dunker et al. 2008) .
Studies aimed at understanding vertebrate amino acid tandem repeat evolution have mainly focused on the comparison of orthologous proteins from pairs of related species (Albà et al. 1999b; Hancock et al. 2001; Faux et al. 2007; Mularoni et al. 2007 Mularoni et al. , 2008 Simon and Hancock 2009) . While strongly conserved repeats tend to be encoded by a mixture of synonymous codons, nonconserved repeats are more often encoded by runs of identical codons (Albà et al. 1999b; Albà and Guigo 2004; Mularoni et al. 2007 ). This is consistent with a predominant role of slippage in the formation of new, nonconserved, repeats. It has also been observed that well-conserved repeats tend to be embedded in protein regions that evolve more slowly than regions containing nonconserved repeats Faux et al. 2007; Mularoni et al. 2007; Simon and Hancock 2009 ). This bias suggests that repeat evolution is influenced by selection.
In order to measure the contribution of natural selection to amino acid tandem repeat evolution, we have compared the level of conservation of human amino acid repeats in orthologous proteins from 12 vertebrate species with the level of conservation of sequences of similar DNA composition but located in noncoding genomic regions, and thus expected to evolve neutrally. We find that the length and degree of phylogenetic conservation of amino acid tandem repeats is much higher than expected under neutrality, and that selection has played an important role in amino acid tandem repeat evolution.
Results
Amino acid repeat type and length depend on the protein functional class
We obtained a set of 6477 orthologous proteins from 12 different vertebrate species using the Ensembl database (Hubbard et al. 2007 ). Interestingly, the human was the species with the largest number of repeats in the data set (Fig. 1) . The most commonly found human amino acid tandem repeats are shown in Table 1 . We found an excess of polar and charged amino acids, and a paucity of hydrophobic residues, in comparison to the overall frequency of different amino acids in the proteins from the data set (Supplemental file 1, S1). These results were consistent with previous reports (Green and Wang 1994; Albà et al. 1999a; Karlin et al. 2002; Albà and Guigo 2004; Faux et al. 2005) . In humans, the amino acids that showed the strongest overrepresentation in the repeats were glutamic acid, proline, and serine.
Inspection of Gene Ontology (GO) terms ) in the set of human proteins with repeats identified two main repeat-associated functional groups, ''Transcription Factor and/or Development'' and ''Receptor and/or Membrane'' (see Methods). This functional bias was consistent with the results obtained in other large-scale repeat analysis (Albà et al. 1999a; Karlin et al. 2002; Albà and Guigo 2004; Faux et al. 2005; Huntley and Clark 2007) . Of special interest was determining which repeat types were most frequently associated with different functional groups. In this analysis, we also included for comparison a large functional group, ''Metabolism,'' which was not overall significantly enriched in amino acid repeats.
The three functional groups mentioned above showed significant differences in the relative frequencies of repeats formed by different amino acids ( Fig. 2 , P-value < 10
À5
; Supplemental file 1, S2). Leucine repeats were especially abundant in the ''Receptor and/or Membrane'' group, glutamine and alanine repeats in Transcription factor and/or Development, and lysine repeats in Metabolism. It has been previously observed that leucine repeats are typically located at the N-terminal end of proteins (Albà and Guigo 2004) , where they may act as signal peptides (Karlin et al. 2002) . This would explain the enrichment for leucine repeats in membrane proteins observed here. Several studies have shown that glutamine repetitive tracts fused to a DNA binding domain can activate transcription of a reporter gene, and that the addition of an alanine repeat represses transcription (Gerber et al. 1994; Janody et al. 2001; Galant and Carroll 2002) , indicating that glutamine and alanine repeats can modulate transcriptional regulation. When we considered repeats of size 5 or longer, there was also an excess of glycine repeats in Transcription factor and/or Development (Supplemental file 1, S3). For repeats of this size, the excess of lysine repeats in Metabolism was no longer detectable, which is consistent with the fact that these repeats were among the shortest in the human proteome (Table 1) .
Determination of the age of human amino acid tandem repeats
Human amino acid tandem repeats were classified into seven phylogenetic groups based on the existence of an overlapping repeat of size 4 or longer in a subset, or in the complete set, of aligned orthologous protein sequences ( Fig. 3 ; Supplemental file 1, S4; Supplemental file 2). Given the very low proportion of repeats only found in humans (24 repeats) (Supplemental file 1, S5), the most recent phylogenetic group we considered was ''Primata.'' This group was composed of human repeats that were also present in chimpanzee and rhesus macaque but absent from the rest of the mammalian and vertebrate orthologous proteins (157 repeats). Given their phylogenetic distribution, these repeats are likely to have originated, or to have expanded to a significant size ($4 consecutive amino acids), in a primate ancestor. Similarly, we defined the groups ''Euarchontoglires,'' ''Eutheria,'' ''Mammalia,'' ''Amniota,'' ''Tetrapoda,'' and ''Vertebrata,'' containing increasingly older repeats (Supplemental file 2). To illustrate this, Figure 4 shows an example of an alanine repeat, present in the HOXD13 developmental transcription factor, which was classified as Amniota, as it was only found in mammals and chicken, and thus had probably originated in an Amniota ancestor. The phylogenetic group with the most repeats was Vertebrata, followed by Eutheria. The distribution was similar for repeats formed by amino acids of all types (Supplemental file 1, S4,S6). There were no major differences either in the conservation of repeats associated with different protein functional classes, with the exception of an under-representation of very recent repeats (Primata level) in Transcription Factor and/or Development (Supplemental file 1, S7). For the groups Tetrapoda or more recent, we could compare the number of repeats originated at that branch to the average number of genomic nucleotide substitutions in the same evolutionary interval, as published by Miller et al. (2007) . The two parameters were roughly proportional. As the number of nucleotide substitutions can be taken as a proxy of evolutionary time, this indicated the lack of any sudden burst of repeat expansion and/or retention along the branches considered.
Excess of well-conserved amino acid tandem repeats over the neutral expectation
Comparison of human repeats with their vertebrate orthologs indicated that some of them were remarkably well conserved, with 28.3% of them being conserved in all vertebrate lineages examined (Vertebrata level, Fig. 3 ). A key issue in interpreting this result is to estimate how much conservation we expect in the absence of selection. Models of neutral evolution do not exist for amino acid tandem repeat sequences. The evolution of these sequences is affected by slippage, but a direct comparison with trinucleotide microsatellites is not appropriate, as amino acid tandem repeats might be encoded by complex mixtures of synonymous codons, making them less likely to undergo slippage than microsatellites (Fondon et al. 1998; Albà et al. 1999a; Wren et al. 2000; Mularoni et al. 2006) . A more suitable model for comparison is sequences with the same DNA composition (consecutive repetition of 4 or more trinucleotides corresponding to synonymous codons) but located in noncoding genomic regions. These noncoding repeats will be subject to the same physical mutational process as repeats encoding tandem amino acids, but are expected to be free from selection, so that any conservation difference represents selective pressure on the coding repeats. We retrieved all such sequences from the human genome. Around one third were located in introns and the rest of them mostly in intergenic regions (Supplemental file 1, S8). The distribution of trinucleotide homogeneity values-the fraction of the repeat occupied by the longest pure trinucleotide repeat-was not significantly different from the set 
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www.genome.org of amino acid tandem repeat encoding sequences (average 0.49 vs. 0.52 for amino acid repeats), which strengthened our comparisons. These repeats will be termed ''noncoding repeats'' for our purposes.
To compare the level of conservation of noncoding repeats to the level of conservation of amino acid repeats, we selected the human noncoding repeats in genomic regions showing conserved synteny with all the vertebrate species used to analyze amino acid repeat conservation. Synteny was determined by the availability of a genomic alignment comprising the complete set of species at the Genome Browser of the University of California Santa Cruz (Karolchik et al. 2008) . Repeat conservation was defined as before, by the presence of an overlapping repeat of size 4 or longer in the other species. These data were employed to build the same phylogenetic groups as for amino acid repeats ( Fig. 3 ; Supplemental file 3).
The level of conservation of the neutrally evolving, noncoding repeats, was strikingly lower than that of the amino acid tandem repeats (Fig. 3 , P-value < 10 À3 ). For example, only 9.6% of the noncoding repeats were conserved at the deepest level (Vertebrata), in sharp contrast to 28.5% of the amino acid tandem repeats. Similar results were observed for different amino acid repeat types (Supplemental file 1, S4). Mutations disrupting the reading frame are in general highly disadvantageous in coding regions, but this kind of selective constraint does not exist in noncoding regions. To avoid any bias, we identified any such mutations in the noncoding alignments and discarded their effect on the classification of the noncoding repeats (see example in Supplemental file 1, S9). Although the number of deeply conserved noncoding repeats increased slightly (e.g., Vertebrata, 9.6% to 10.4%), the differences from the coding repeats remained highly significant (Supplemental file 1, S10, P-value < 10 À3 ). Altogether, these results indicate that selection strongly contributes to the evolution of many amino acid tandem repeats.
In addition, a significant fraction of the amino acid repeats classified as Vertebrata were conserved in other metazoans. In particular, we found that ;23% of them were already probably present in an ancestral metazoan, judging by the presence of repeats of the same nature and at the same protein location in close homologs from Drosophila melanogaster and/or Caenorhabditis elegans. An additional 7% were only found in Ciona intestinalis, indicating that they had probably originated in an ancestral chordate. Such phylogenetic depth of conservation reinforces the idea that a substantial fraction of the conserved repeats has been maintained by selection.
Identification of amino acid repeats under selection
The proportion of repeats under selection at each taxonomic level can be estimated if we assume that the vast majority of primatespecific repeats (Primata) are newly formed sequences upon which selection has not (yet) acted. Although this is a conservative assumption, as we cannot exclude that some primate-specific repeats might have been fixed by selection, it allows us to calculate the maximum number of repeats expected to be conserved at different phylogenetic depths under neutrality, using the frequencies of noncoding repeats. For example, the ratio between Eutheria and Primata noncoding repeats is 0.46. This means that, if amino acid tandem repeats were evolving neutrally, we should observe around 72 amino acid repeats at the Eutheria level (0.46 3 157 Primata amino acid repeats). However, we observed many more (384). This, to a first approximation, implies that 81% of the amino acid tandem repeats are conserved at the Eutheria level due to the action of selection. This percentage is 90% or higher for older repeats: 91% for Mammalia, 90% for Amniota, 94% for Tetrapoda, and 94% for Vertebrata (Supplemental file 1, S4). Thus, the vast majority of the repeats in these groups are more conserved than expected by mutational forces alone.
A second important difference concerned the size of the repeats. Whereas for recently formed repeats (Primata) the fraction of long repeats (size 6 or longer) was similar for amino acid repeats and for noncoding repeats (4.5% and 3%, respectively), for older repeats this fraction was significantly larger in amino acid repeats than in noncoding repeats (16% and 5%, respectively, P-value < 10 À3 ). Overall, the fraction of noncoding repeats of size 8 or longer was negligible (<0.1%). This means that conserved repeats of size 8 or longer are extremely rare in the absence of selection and thus are likely to be functionally important.
In light of these results, we compiled a list of 92 human amino acid repeats of size 8 or longer that are conserved at the Eutheria or deeper phylogenetic levels, and thus that are very likely to have been shaped by selection (Supplemental file 1, S11; Table 2 for a selection of repeats of size 10 or longer). Conservation meant that the size of the corresponding repeat in the other species was at least 4, although in most cases it was much longer than 4 and similar to the size of the human repeat. Many of these repeats are located in transcription factors where they may play roles in transcriptional regulation, as previously shown for alanine, glutamine, or proline tracts using reporter gene assays (Gerber et al. 1994; Lanz et al. 1995; Janody et al. 2001; Galant and Carroll 2002; Buchanan et al. 2004; Brown et al. 2005) . Other proteins in the list contain histidine repeats. This type of repeat has no effect in transcriptional regulation but is required for translocation of several proteins to nuclear speckles (Salichs et al. 2009 ). We inspected the developmental expression of the set of proteins containing the 92 vertebrate conserved repeats conserved in the Edinburgh Mouse Atlas of Gene Expression (Venkataraman et al. 2008) . Interestingly, the 10 top most frequent expression domains during development were related to the nervous system (Supplemental file 1, S12). Remarkably, expression in mouse developmental neural tissues was observed for 76% of the proteins with conserved repeats that had available expression data (Supplemental file 2, S11).
Experimental evidence of repeat functionality
We searched for any published data on repeat deletion/modifications experiments, or on naturally occurring mutations, for the 92 repeats listed previously. We found experimental data for five of them (5.4%). Although this is a small proportion of the repeats, reflecting the scarcity of repeat functional studies, in all five cases the expansion or deletion of the repeat had a measurable effect on the function of the protein (Table 3) . Therefore, it seems very likely that the rest of the repeats showing similar strong selective signatures also influence their proteins' functions.
The first example is the poly-alanine tract located at position 48 of the HOXD13 human protein (Tables 2, 3 ). This tract shows a conserved length of 15 in the seven examined mammalian species, a length of 9 in chicken, and is completely absent from frog and fishes (Fig. 4) ; hence, it is classified as Amniota. An expansion of 7-14 alanine residues in this tract results in synpolydactyly, a limb abnormality involving duplication of the fingers (Muragaki et al. 1996) . In support of a function of this repeat in limb development, it has been observed that transgenic mice lacking the 15-alanine tract present alterations in the formation of limb sesamoid bones (Anan et al. 2007 ).
The second well-studied case is the paired mesoderm homeobox 2B protein (PHOX2B), which contains a perfectly conserved alanine repeat of size 9 in all vertebrate species analyzed. PHOX2B mutants containing a further expansion of 5-13 alanines are associated with a disorder of the autonomic nervous system, congenital central hypoventilation syndrome (Amiel et al. 2003) . In this particular case, recombination rather than slippage seems to be associated with the pathogenic expansions (Amiel et al. 2004 ). In transfection assays, the interaction of PHOX2B with CREBBP to activate gene expression is severely impaired when the PHOX2B alanine tract is elongated by five additional alanine residues (Wu et al. 2009 ), indicating that the size of the tract is functionally constrained.
Atrophin 1 (dentatorubral-pallidoluysian atrophy) contains a tract of 19 glutamines in the human genome reference protein, although its size may vary from seven to 34 residues in healthy individuals (Gatchel and Zoghbi 2005) . This tract is also present in the orthologous proteins from other eutherian mammals, but is absent from more distant species. An expanded repeat tract of 49 or longer is associated with dentatorubral-pallidoluysian atrophy in humans (Igarashi et al. 1998; Gatchel and Zoghbi 2005) . Atrophin 1 containing the expanded glutamine tract interacts with transcription coactivators CREBBP and TAF10 and inhibits the CREBmediated gene transcription (Shimohata et al. 2000) .
The histidine repeat tract in the protein kinase DYRK1A contains 13 consecutive histidines in all species except in frog and zebrafish (11 and 12, respectively). The C-terminal region of DYRK1A in which this tract is embedded was found to be required for targeting to nuclear speckles, using transfection experiments of deletion mutants in human cells (Alvarez et al. 2003) . This finding showed, for the first time, that repetitive tracts could be important for subcellular compartment targeting.
The protein FAM76B is a nuclear protein of unknown function that contains a histidine tract of size 9 or 10 in all vertebrates except fishes, with repeat size 5. This repeat is embedded in a 21-residue histidine-rich region, which has also been shown to be required for nuclear speckle targeting (Salichs et al. 2009 ). Interestingly, a very similar paralogous protein exists in humans, FAM76A, which lacks the histidine repeat, and which does not colocalize with speckles.
Discussion
Although amino acid tandem repeats, and simple sequences in general, are the most commonly shared patterns between eukaryotic proteins (Huntley and Golding 2000) , their role in protein function is still poorly understood. Amino acid tandem repeats can rapidly accumulate in proteins as a result of trinucleotide repeat expansion (microsatellites) caused by slippage. In the absence of selection, these repeats may later degenerate by the accumulation of point mutations and repeat contraction also via slippage. In fact, the evolution of genomic microsatellites can be modeled as a balance between slippage and point mutation (Kruglyak et al. 1998) . However, in coding repeats, selection may perturb this balance. We have attempted to quantify the effect of selection by measuring the differences in the phylogenetic conservation of amino acid repeats and of sequences of similar DNA composition that are located in noncoding genomic regions, and thus are expected to evolve neutrally. This approach has its foundation on a large body of comparative studies that use sequence conservation over the neutral expectation to infer the existence of functional constraints (Ponting 2008) . We have found that the level of conservation of human coding repeats in vertebrate orthologous sequences is significantly higher than the level of conservation of equivalent noncoding sequences. Interestingly, the differences were not only due to the more distant comparisons, which may pose problems when aligning noncoding sequences, as we obtained similar estimates of the fraction of repeats under selection in the Mammalia group (repeats conserved only in mammals) and the Vertebrata group (repeats conserved in all vertebrates). The results presented here strongly indicate that selection has played a more important role than previously suspected in the preservation and evolution of many amino acid tandem repeats. Selection acting on mutations can be purifying (also known as negative selection) when the mutation is selected against, or adaptive (positive selection) when the mutations confer an advantage that increases the chance that it will become fixed in the population. We observed that amino acid repeats conserved in several species tended to be longer than recently formed repeats, a trend that was not observed in the control set of neutrally evolving repeats. This suggests that repeat expansion is likely to have been, at least in some instances, adaptive. This is consistent with the observation that a minimum repeat size is required for the repetitive tract to have a functional effect and that increasing repeat size leads to more dramatic functional alterations (see below). In other words, long repeats are more likely to disrupt the function, and thus be selected against, if they are not beneficial. Once a repeat of a certain length has been formed, some amino acid replacements might be deleterious and may be eliminated by purifying selection. This is supported by a previous analysis on human amino acid repeat variants that showed that, in most cases, the polar/charged nature of the residue was preserved and that some amino acid replacements were never observed (Mularoni et al. 2006) . By measuring the frequency of nonsynonymous versus synonymous substitutions in repeats and adjacent regions, this study also indicated that the strength of negative selection was surprisingly similar within repeats and in the surrounding sequences.
A well-studied case is that of histidine repeats. In recent work we have shown that the histidine repetitive tracts present in several nuclear proteins are both sufficient and necessary to translocate the protein to the nuclear subcompartment known as nuclear speckles (Salichs et al. 2009 ). These structures are involved in the storage and regulation of splicing factors and other nuclear proteins (Lamond and Spector 2003) . The experiments performed demonstrated that a minimum repeat size of 6 was required for efficient protein translocation to this compartment and that the relative amount of translocated protein increased with increasing repeat size. Interestingly, human histidine repeats tended to be longer than sequences of similar DNA composition located in noncoding regions, suggesting positive selection for increased amino acid repeat size. Another example of size-dependent repeat functionality is the classical work of Gerber et al. (1994) , in which the investigators showed that the size of glutamine or proline repeats fused to a GAL4 DNA-binding domain was positively correlated with the strength of transcriptional activation of a reporter gene containing GAL4 binding sites.
Trinucleotide slippage can result in repeat expansions or contractions, but there is evidence that, when the repeats are short, expansion dominates over contraction (Xu et al. 2000) . This bias is expected to produce new repeats of moderate size at a high frequency, and, not unexpectedly, newer species-specific repeats are often encoded by pure codon runs, whereas older repeats that are highly conserved between human and mouse tend to contain a higher number of synonymous mutations (Albà et al. 1999b; Albà and Guigo 2004) . Taken together, the data indicate that repeats that are well conserved across species tend to be longer and less uniform than recently formed repeats. Interestingly, some proteins appear to be particularly prone to accumulating repeats. In our data set, about one third of the human proteins contained more than one amino acid repeat, and, in most cases, the repeats belonged to different age groups. The acquisition of additional repeats in a protein may help fine-tune its function and/or modify some of its properties. One illustrative example is Bicoid in Drosophila. This protein contains several repetitive regions that act as regulatory domains, including a region containing several glutamine repeats and a region rich in alanine (Janody et al. 2001) . The glutamine-rich region acts as a transcriptional activator domain that, in contrast to other activator domains in the protein, is not down-regulated by Torso. The alanine-rich region, however, reduces the activity of the glutamine-rich domain, restoring downregulation by Torso (Janody et al. 2001) .
A question of interest is whether the frequency distribution of different repeat types reflects the genomic GC (or AT) content of the species. In Plasmodium species, a correlation between genomic AT richness and AT-rich encoded repeats (such as asparagine or lysine repeats) has been observed (Dalby 2009 ). However, some of the species-specific differences could not be explained by the background nucleotide composition, indicating lineage-specific amino acid selection. In the present study, we found an important compositional bias in coding versus noncoding repeats, with a clear over-representation of GC-rich trinucleotides in the former type of sequences (Supplemental file 1, S4). This bias is consistent with the high GC content of exons when compared to introns and intergenic regions. It has been noted that the high GC content in mammalian genes should facilitate the formation of novel GC-rich repeats, and the newly formed repeats should, in turn, lead to an increase in gene GC content (Sumiyama et al. 1996; Nakachi et al. 1997) . In fact, the fact that mammalian genes encoding amino acid repeats do, indeed, tend to have an unusually high GC content points in the same direction (Albà and Guigo 2004) . Several alanine, glycine, and proline repeats in various transcription factors, such as HOX and class III POU proteins, have been previously described as being well conserved in mammals but completely absent from other vertebrates (Sumiyama et al. 1996; Nakachi et al. 1997; Mortlock et al. 2000; Lavoie et al. 2003; Anan et al. 2007) . As these repeats are formed by amino acids encoded by GC-rich codons (alanine, GCN; glycine, GGC; and proline, CCN), it has been argued that this pattern may be due to the pressure for increased gene GC content in mammals with respect to cold-blooded vertebrates (Sumiyama et al. 1996) . However, our data do not support this interpretation, as there is no significant enrichment of alanine, glycine, or proline residues at the Eutheria or Mammalia levels with respect to other phylogenetic groups (Supplemental file 1, S6).
In summary, we have compared the level of phylogenetic conservation of human amino acid repeats with that of sequences of similar DNA composition but located in genomic noncoding regions. The results strongly indicate that, although repeats probably may originally arise by a probabilistic slippage mechanism, they can be subsequently shaped by selection. We have identified a set of 92 human amino acid repeats showing a highly significant selective signature as evidenced by their strong phylogenetic conservation and their length. The majority of proteins containing these repeats show neural developmental expression. Mutations in five of these tracts alter the function of the protein, providing additional evidence that these repeats are likely to be involved in important cellular functions.
Methods Sequences
Protein and cDNA sequences for human (Homo sapiens), chimpanzee (Pan troglodytes), rhesus macaque (Macaca mulatta), mouse (Mus musculus), rat (Rattus norvegicus), dog (Canis familiaris), cow (Bos taurus), opossum (Monodelphis domestica), chicken (Gallus gallus), frog (Xenopus tropicalis), zebrafish (Danio rerio), and pufferfish (Takifugu rubripes) were retrieved from Ensembl database release 46 (Hubbard et al. 2007 ). For each gene the longest protein was selected for further study. The genomic sequences were obtained from the University of California Santa Cruz (golden path 200603, NCBI36).
Identification of amino acid repeats in vertebrate proteins
We obtained 6477 groups of orthologous proteins from the species listed above, using the orthology definitions from Ensembl Compara (Vilella et al. 2009 ). Only one-to-one orthologous genes were considered, with the exception of bonefishes, which underwent a whole-genome duplication ;350 million yr ago (Panopoulou and Poustka 2005) , and for which we considered all possible co-orthologs (one-to-many relationships with respect to the human protein).
We used an in-house Python program for the detection of all amino acid tandem repeats of size 4 or longer, their positions, and the DNA sequences encoding the repeats, in all proteins from the orthologous protein data set. We calculated codon homogeneity (CH) as the fraction of the repeat occupied by the longest pure codon run (Mularoni et al. 2007 ).
Identification of noncoding repeats
We defined the noncoding repeats as arrays of synonymous triplets located in noncoding genomic regions. For example, an array of three GAAs and one GAG in a noncoding sequence would be a noncoding repeat equivalent to a repeat of four glutamic acid residues in a protein. We identified all such sequences in the human genome, discarding those that were located within gene coding regions, using the coding sequence genomic coordinates available from Ensembl. In cases in which several repeats overlapped, we considered all of them (for GAAGAAGAAGAAGAA this would be equivalent to five glutamic acid residues when reading from +1, to four lysines when reading from +2, and to four arginines when reading from +3). However, such cases were rare (;7%) because most repeats were short (of size 4) and interrupted, and thus could only be read once.
Amino acid repeat conservation in orthologous sequences
We determined whether repeats present in human proteins from the orthologous protein data set were also present in other vertebrates. In cases in which the protein looked incomplete in Ensembl, we attempted to obtain the full sequence from GenBank using BLASTP with default parameters (Altschul et al. 1997) . We built orthologous protein sequence alignments using T-Coffee (Notredame et al. 2000) . The presence of a conserved repeat in another species was inferred by a procedure described previously (Mularoni et al. 2007 ). Briefly, for each repeat of the reference species (human), an equivalent repeat existed in the other species if it was formed by the same amino acid, it showed an overlapping position in the alignment, and it was above the size cutoff (4 or longer). If multiple repeats overlapped, we selected the longest one. We did not consider terminal parts of the alignment or internal regions with very long gaps ($35 amino acids), as these regions could represent exons not yet annotated in some of the species.
Definition of groups of repeats conserved at different phylogenetic levels
Human amino acid tandem repeats were classified in different phylogenetic groups on the basis of their pattern of conservation in different vertebrate species. These groups were useful to determine the period over which a given repeat had been formed, or expanded to a significant length ($4). The first group was Primata, containing repeats that, besides human, were found in chimpanzee and rhesus macaque orthologous proteins, but not in the rest of the vertebrate orthologs. Similarly, we defined the classes Euarchontoglires (Primata plus Rodents), Eutheria (Euarchontoglires plus Laurasiatheria), Mammalia (Eutheria plus M. domestica), Amniota (Mammalia plus G. gallus), Tetrapoda (Amniota plus X. tropicalis) and Vertebrata (Tetrapoda plus D. rerio/T. rubripes). In the case of Rodents, it was sufficient if one of the two species, mouse or rat, contained the repeat, to consider that the repeat had been present in a common ancestor. The same criterion was applied in the case of Laurasiatheria (dog and cow); this allowed us to circumvent possible problems in repeat annotation in some of the species, such as dog, that contained a suspiciously low number of repeats. In the case of fishes, we considered the presence of the repeat in any of the co-orthologs from D. rerio or T. rubripes as positive evidence that the repeat was ancestral. Following the above criteria, 2024 human repeats were classified in seven different taxon-specific groups: Vertebrata (574), Eutheria (384), Tetrapoda (307), Mammalia (268), Amniota (239), Primata (157), and Euarchontoglires (95).
In the case of noncoding repeats, we recovered genome multiple alignments from University of California Santa Cruz containing the same set of species described above (Karolchik et al. 2008) . We mapped all previously identified human noncoding repeats onto these alignments. We obtained 799 repeats that could be classified in a well-defined phylogenetic group, following the same criteria than for amino acid repeats (see above). The level of conservation of noncoding repeats was significantly lower than of coding repeats (Supplemental file 1, S4). To evaluate how the lack of frame restrictions in noncoding regions could bias the results, we identified all insertions and deletions of size other than a multiple of 3 (1, 2, 4, 5, etc.), resulting in ''frameshifts,'' as well as any substitutions or insertions resulting in ''stop codons,'' in the regions aligning the human noncoding repeat (see example in Supplemental file 1, S9). The elimination of such mutations, which would not have been accepted in coding regions, moved 78 of the 799 human noncoding repeats to older classes (9.8%). This did not significantly alter the results (Supplemental file 1, S10), indicating that the stronger conservation of the coding repeats with respect to the noncoding ones was not simply due to constraints to preserve the reading frame.
Homologous protein search in other eukaryotes
We searched for homologs in non-vertebrate eukaryotic species using BLASTP sequence similarity searches (Altschul et al. 1997 ) of the human protein against species-specific protein libraries downloaded from Ensembl. An E-value < 10 À4 was considered indicative of homology. A small percentage of proteins (;5%) lacked homologs in the six non-vertebrate species tested (Anopheles gambiae, Arabidopsis thaliana, C. elegans, D. melanogaster, Saccharomyces cerevisiae, Schizosaccharomyces pombe), indicating that they are likely to be vertebrate-specific proteins.
For proteins containing repeats classified as Vertebrata, we determined if similar repeats existed in metazoan homologs. For this, we focused on the three top-scoring BLASTP hits for C. intestinalis, C. elegans, and D. melanogaster. In 36 cases a similar repeat existed only in C. intestinalis, suggesting it was a chordatespecific repeat, and in 135 cases in C. elegans and/or D. melanogaster, indicating that the repeat was already present in a metazoan ancestor.
Gene Ontology annotation
We extracted all GO terms ) for human proteins from the vertebrate orthologous data set containing repeats using
